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The electrochemistry of 3,4-dibenzyl-2,5-dimethylthiophene-S -oxide was investigated as well as its interaction with dsDNA. The
electrochemical study of the thiophene-S -oxide was performed at different pH values, in a mixed solvent and by solid state
voltammetry, and showed that the molecule is reduced at a very negative potential, and the reduction is pH dependent. A glassy
carbon electrode modified with a thick thiophene-S -oxide/dsDNA mixture was used to study the interaction of thiophene-S -oxide
in situ with dsDNA at a charged interface. The experimental results give strong evidence that the reduced thiophene-S -oxide
interacts with dsDNA causing damage with possible strand break and that the thiophene-S -oxide adduct formed with dsDNA can
still undergo reduction.
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Thiophene-S -oxides are a new group of compounds
with very interesting properties, only recently isolated
and characterised in their pure form [1].
Thiophene-S -oxides show different reduction beha-
viour in the presence and absence of proton donors. In
the absence of proton donors, the reduction potential of
the compounds is dependent on the substituents of the
molecules. In the presence of proton donors, the
substituents play a less significant role and a number
of thiophene-S -oxides were reduced electrochemically to
the corresponding thiophene in the presence of a tenfold
excess of benzoic acid in acetonitrile solution [2].
Another electrochemical study with similar compounds
[3] also using a non-aqueous solvent, acetonitrile, and
very negative reduction potentials, not possible to reach
in aqueous solutions, was carried out.
Theoretical calculations and electrochemical data
showed that the functionalization of thiophene to the
corresponding S -oxide produces a dramatic increase in
the electron affinity and affects the reduction potential
to a greater extent than the oxidation potential [4].
Theoretical ab initio calculations indicated a non-planar
structure for thiophene-S -oxides with the sulphur atom
lying outside the plane formed by the other four atoms
by 0.26 A˚, which in the meantime has been proven by
X-ray crystal structural analysis [5].
The biological activity of some thiophene-S -oxides
against a number of cancer cells [6] might be attributable
to a slight but continued deoxygenation of the com-
pounds. Typically, the thiophene-S -oxides were tested
in a 3-cell line, one dose primary anti-cancer assay. 2,5-
dimethyl-3,4-dibenzylthiophene-S -oxide showed, at a
concentration of 104 M, an effect on the growth of
CND cancer cells SF-268 of /83%. Subsequently, the
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compound was also tested in a full panel of 60 tumour
cell lines [6].
There has also been a study showing that thiophene-
S -oxides can be metabolic intermediates of dietary
thiophenes in rats [7]. Direct evidence for the involve-
ment of thiophene-S -oxide as the key primary reactive
intermediate in the metabolism of thiophene in vivo was
obtained from the detection of dihydrothiophene sulf-
oxide mercapturate excreted in rat urine, which derived
from the reaction of glutathione with the very reactive
thiophene sulfoxide [8]. The other fate described for
thiophene-S -oxide in vivo is its dimerization via a
Diels/Alder reaction [9]. The structure of these thio-
phene-S -oxide dimers was established and the forma-
tion of thiophene-S -oxide dimers in the metabolism of
thiophene in vivo in rats and in vitro by rat liver
microsomes reported [9].
The potential anti-cancer activity of the thiophene-S -
oxides has instigated a study of the use of estradiol
derivatives as carriers of thiophene-S -oxides to breast
cancer cells [6]. Since the receptor for these carriers
resides inside the cell nucleus, it seemed appropriate to
assess initially the effect of thiophene-S -oxides on DNA
material.
The need for the analysis of gene sequences, oxidative
damage to DNA and the understanding of DNA
interactions with molecules or ions led to the develop-
ment of DNA-based biosensors [10/13]. The DNA-
electrochemical biosensor is a device that incorporates
immobilised DNA as the molecular recognition element
in the biologically active layer on the electrode surface,
and measures specific binding processes with DNA
using an electrochemical transducer. The electrochemi-
cal behaviour, adsorption of DNA and electrochemical
oxidation of dsDNA, and synthetic nucleic acids has
been studied on carbon electrodes and showed that all
bases*/guanine (G), adenine (A), cytosine (C) and
thymine (T)*/can be oxidised, the oxidation reaction
involving two electrons and two protons which means
that the oxidation potential values vary with the
supporting electrolyte pH in a pH dependent mechanism
[14/17]. The occurrence of oxidative damage to dsDNA
by hazardous compounds leads to the breaking of the
hydrogen bonds and opening of the double helix. This
causes the bases to come into contact with the electrode
surface and enables electrochemical detection of the
oxidative damage by monitoring the oxidation of the
bases.
The electrochemical DNA-biosensor has been used to
sense in situ oxidative damage to DNA. The electro-
chemical data can contribute to the elucidation of the
mechanism by which DNA is oxidatively damaged by
some compounds with a view to what occurs in the
living cell [18,7/10]. Interactions of several substances
with dsDNA have been successfully studied using the
DNA-electrochemical biosensor [11/13,16], and allow
clarification of the interaction with dsDNA as well as its
electrochemical mechanism.
Some compounds can promote oxidative damage to
DNA in cancerous cells through the generation of
reactive oxygen species [19,20] and high levels of
8-oxoguanine (8-oxoG), a known biomarker of oxida-
tive stress, were detected in in vitro studies [21]. The
generation of this main product of guanine oxidation
within DNA is strongly mutagenic and can contribute to
cell disfunction [22].
The objective of this paper is concerned with the
electrochemical study of the interaction of thiophene-S -
oxide in situ with dsDNA at a charged interface using a
thick-film modified glassy carbon electrode. The elec-
trochemistry of the thiophene-S -oxide (Scheme 1) was
investigated as well as its interaction with dsDNA. The
experimental results presented here will give strong
evidence that the reduced thiophene-S -oxides interact
with dsDNA causing damage and that the thiophene-S -
oxide adduct with dsDNA can still undergo reduction.
2. Experimental
2.1. Reagents
Thiophene-S -oxides were prepared directly from the
corresponding thiophenes by oxidation with m -CPBA in
the presence of BF3 /Et2O as a Lewis acid [23]. Typically,
the reaction is carried out at low temperature, where the
Lewis acid both activates the peracid as well as stabilizes
the thiophene-S -oxide formed through complexation,
thus hindering further oxidation of the product to the
more stable thiophene S ,S -dioxide species.
For electrochemical studies with 3,4-dibenzyl-2,5-
dimethylthiophene-S -oxide (2) (Scheme 2), two proce-
dures were followed. On the one hand, solutions of
1/103 M 3,4-dibenzyl-2,5-dimethylthiophene-S -
oxide were prepared in aqueous buffer plus 50% EtOH
Scheme 1. Chemical structure and preparation of 3,4-dibenzyl-2,5-
dimethylthiophene-S -oxide (2).
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(v/v). On the other hand, for solid-state electrochemistry
[24] in electrolyte solutions with different pH (Table 1),
the glassy carbon electrode surface was mechanically
pressed onto the solid compound before the electrode
was immersed in the electrolyte. To study the interaction
with dsDNA, 35 mg of the compound were mixed with a
dsDNA solution, 35 mg ml1 in pH 7.4 phosphate
buffer, which was placed on the glassy carbon electrode
surface and dried for 24 h.
Solutions of 0.2 M ionic strength were used in all
experiments (Table 1) and were prepared using analy-
tical grade reagents and purified water from a Millipore
Milli-Q system (conductivityB/0.1 mS cm1).
Calf Thymus DNA (Sodium salt, Type I) was
obtained from Sigma Chemical Co. The DNA-modified
electrode was prepared by covering a glassy carbon
electrode with 80 ml of DNA solution (35 mg of DNA
dissolved in 1 ml of pH 4.5, 0.2 M acetate buffer) and
leaving the electrode to dry for 24 h [16].
2.2. Apparatus
The pH measurements were carried out with a Crison
2001 pH-meter with a combined glass electrode. All
experiments were done at room temperature.
Differential pulse voltammograms were recorded
using an Autolab PGSTAT 10 running with GPES
version 4.9 software (Eco-Chemie, Utrecht, The Nether-
lands). The differential pulse voltammetry conditions
used were: pulse amplitude 50 mV, pulse width 70 ms
and scan rate 5 mV s1. The working electrode (WE)
was glassy carbon (GCE) (d/6 mm), the counter
electrode was a Pt wire, and the reference electrode
was Ag ½ AgCl ½ 3 M KCl, all contained in a one-
compartment mini-electrochemical cell with a volu-
metric capacity of 200 ml (Fig. 1), or in a 15 ml
electrochemical cell. Cyclic voltammetry scan rates
were 50 and 100 mV s1. The glassy carbon WE was
cleaned with diamond spray (25, 6 and 3 mm). The
differential pulse voltammetry conditions used were:
pulse amplitude 50 mV, pulse width 70 ms and scan rate
5 mV s1. Square wave voltammetry conditions used
were: frequency 75 Hz, potential increment 2 mV, and
effective scan rate 150 mV s1. Some experiments were
carried out under N2 and in order to remove dissolved
oxygen, nitrogen was passed through the solution for 30
min.
3. Results and discussion
3.1. Electrochemistry of 3,4-dibenzyl-2,5-
dimethylthiophene-S-oxide in a mixed solvent
The electrochemical study of the oxidation and
reduction of 3,4-dibenzyl-2,5-dimethylthiophene-S -
oxide was performed at different pH values in a mixed
solvent of aqueous buffer plus 50% ethanol (v/v). The
high percentage of ethanol was necessary because of the
compound’s very low solubility in water. A one-com-
partment mini-electrochemical cell with a volumetric
capacity of 200 ml was used (Fig. 1).
Scheme 2. Reduction mechanism for 3,4-dibenzyl-2,5-dimethylthio-
phene-S -oxide (2).
Table 1
Supporting electrolytes, 0.2 M ionic strength
pH Composition
1.20 HCl/KCl
4.32 HacO/NaAcO
7.40 NaH2PO4/Na2HPO4
10.20 NaOH/Na2B2O7 /10H2O
11.50 NaOH/Na2HPO4
12.00 NaOH/KCl
13.00 NaOH/KCl
Fig. 1. Schematic representation of the electrochemical microcell.
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3.1.1. Oxidation
The electrochemical oxidation of 3,4-dibenzyl-2,5-
dimethylthiophene-S -oxide in aqueous media occurs at
a very high positive oxidation potential, /1.2 V, and
only in acid media, pH 1.20 (Fig. 2). At higher pH
values no peak was observed, although the potential
range of the supporting electrolyte increased with pH.
The electrochemical oxidation of thiophene-S -oxides is
not readily understood and varies with the substituents
both in electrochemical potential as well as in the
reaction pathway. Thus far, the only clearly identified
oxidation process of a thiophene-S -oxide is that of
2,3,4,5-tetraphenylthiophene-S -oxide, where the oxi-
dized thia-moiety is extruded and cis -dibenzoylstilbene
is formed [25]. It is known that in benzyl substituted and
in methyl substituted thiophene-S -oxides one of the
olefinic moities can isomerize to an exocyclic position
under acidic positions [26], effectively forming an a,b-
unsaturated sulfoxide, which can undergo a Michael
reaction, e.g. with a heteronucleophile such as ethanol,
but which itself can also be oxidized.
3.1.2. Reduction
The electrochemical reduction of 3,4-dibenzyl-2,5-
dimethylthiophene-S -oxide occurs at a very high nega-
tive reduction potential, and in ethanol only in neutral,
pH 6.9 or alkaline media, pH/9, and showed very little
variation of the reduction potential with pH (19.5 mV
per unit of pH).
The peak height increased with pH and a very good
definition was obtained for the peak at /1.4 V for pH
12.9 (Fig. 3). The effect of the presence of O2 (support-
ing electrolyte saturated with O2) and absence (support-
ing electrolyte saturated with N2) on the voltammetric
behaviour of 3,4-dibenzyl-2,5-dimethylthiophene-S -ox-
ide was also investigated. The reduction of 3,4-dibenzyl-
2,5-dimethylthiophene-S -oxide in a saturated O2 solu-
tion did not show appreciable differences (Fig. 3(a)),
which means that no interaction of oxygen occurs in the
electrochemical reduction mechanism. The oxygen re-
duction peak is clearly identified at /0.8 V. Five
successive scans showed a continuous increase in the
reduction peak current possibly due to multilayer
formation and polymerization on the electrode surface.
Again, this reaction may proceed via isomerisation of
one of the double bonds of the thiophene-S -oxide into
one of the methyl groups, this time under strongly basic
conditions, to form a vinyl sulfoxide with the vinyl
group being exocyclic. The reason that the 3,4-dibenzyl-
2,5-dimethylthiophene-S -oxide shows different beha-
viour in ethanol/water than in acetonitrile under
more acidic conditions, where in the presence of benzoic
acid the molecule can be reduced cleanly to the
corresponding thiophene at lower reduction potential
[2], is thought to stem from the effective competition of
Fig. 2. Successive differential pulse voltammograms for oxidation of
1/103 M 3,4-dibenzyl-2,5-dimethylthiophene-S -oxide (2) (pH 1.20)
plus 50% ethanol (v/v). Scan rate 5 mV s1, amplitude 50 mV. s.e.:
supporting electrolyte.
Fig. 3. Differential pulse voltammograms for reduction of 1/103 M
3,4-dibenzyl-2,5-dimethylthiophene-S -oxide (2) (pH 12.85) plus 50%
ethanol (v/v): (a) with (*/) and without ( / / /) O2 in the solution; (b)
five successive voltammograms. Scan rate 5 mV s1, amplitude 50 mV.
s.e.: supporting electrolyte.
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both ethanol and water for protons, which under the
conditions used here may almost completely suppress
protonation of the thiophene-S -oxide, necessary for the
second mechanism of reduction at lower potential.
Cyclic- and square wave voltammetry of 3,4-dibenzyl-
2,5-dimethylthiophene-S -oxide in pH 12.9 (Figs. 4 and
5) shows that the electron transfer process is totally
irreversible. In cyclic voltammetry, the peak potential is
shifted to higher potentials on increasing the scan rate.
The square wave voltammograms show a peak for the
total current equal to the peak for the forward current,
and there is no backward current peak.
3.2. Solid state electrochemistry of 3,4-dibenzyl-2,5-
dimethylthiophene-S-oxide
Due to the inherently poor solubility of 3,4-dibenzyl-
2,5-dimethylthiophene-S -oxide in the mixed solvent (see
Section 3.1) the electrochemistry of this compound was
also performed with the solid compound attached by
mechanical pressing the glassy carbon electrode surface
on the powder in a Petri dish. The compound formed a
thick solid film on the glassy carbon surface that was
insoluble in the aqueous supporting electrolyte where all
voltammograms were recorded. A one-compartment
electrochemical cell with a volumetric capacity of 15
ml was used.
The electrochemical reduction of the film of 3,4-
dibenzyl-2,5-dimethylthiophene-S -oxide again occurs at
very negative reduction potentials (Fig. 6). Cyclic
voltammetry shows an irreversible electron transfer
mechanism for the whole pH range. Differential pulse
voltammetry showed the occurrence of other reduction
processes at less negative potentials (Fig. 7). All experi-
ments were carried out after passing N2 through the
solution for 30 min, so there was no oxygen present in
the solution. The occurrence of two peaks at pH 11.5,
with a separation of 20 mV, could be due to different
orientations, parallel or perpendicular, of the molecules
on the electrode surface and the influence of a different
supporting electrolyte. The variation in the reduction
potentials with pH of 45 mV per unit of pH (Fig. 8)
denotes a one electron reduction mechanism with
possible formation of dimers up until pH 10. Dimer
formation may proceed via an initial base catalysed
isomerisation of one of the double bonds in the
heterocyclic ring system of the thiophene-S -oxide to
an exocyclic position. Isomerisation in thiophene-S -
oxides has already been noted by us and these dimers
have been isolated in other reactions [26]. Above pH 10
the reduction potential is not dependent on the pH of
the solution.
3.3. Thiophene-S-oxide interaction with dsDNA
In the potential range available in aqueous
solution (/1.4 to /1.4 V) no interaction was detected
between 3,4-dibenzyl-2,5-dimethylthiophene-S -oxide
and dsDNA, when both are in solution. It is necessary
to note that the mixed solvent was 50% ethanol and that
ethanol precipitates DNA, but that it was necessary to
use this percentage of ethanol to dissolve the compound.
The interaction of 3,4-dibenzyl-2,5-dimethylthio-
phene-S -oxide with dsDNA, when deposited on the
electrode itself, is clearly demonstrated in Figs. 9 and 10.
To study the interaction with dsDNA, the glassy carbon
electrode was modified with a 1:1 (w/w) solution
prepared according to Section 2. The electrode was
incubated with the thiophene-S -oxide and dsDNA and
the deposit was dried on the glassy carbon electrode
surface in the 24 h before the electrochemical measure-
ments were obtained in a sequence of steps which took
place in pH 7.4 phosphate buffer electrolyte.
Fig. 4. Cyclic voltammogram for reduction of 1/103 M 3,4-
dibenzyl-2,5-dimethylthiophene-S -oxide (2) (pH 12.85) plus 50%
ethanol (v/v). Scan rate: (a) 50; and (b) 100 mV s1.
Fig. 5. Square wave voltammogram for reduction of 1/103 M 3,4-
dibenzyl-2,5-dimethylthiophene-S -oxide (2) (pH 12.85) plus 50%
ethanol (v/v): (1) It, total current; (2) If, forward current; (3) Ib,
backward current. Frequency 50 Hz, amplitude 70 mV.
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After immersing the glassy carbon electrode, modified
by a thick film of 3,4-dibenzyl-2,5-dimethylthiophene-S -
oxide with dsDNA, in the electrolyte, the first step was
to perform three consecutive differential pulse scans in
the positive direction 0 to /1.4 V versus SCE (Fig. 10,
dashed curve) that did not show any peaks, meaning
that even after 24 h incubation the 3,4-dibenzyl-2,5-
dimethylthiophene-S -oxide did not cause any damage to
dsDNA.
Immediately afterwards, three consecutive differential
pulse scans in the negative direction 0 to /1.6 V versus
SCE were applied to the same electrode (Fig. 9, dotted
curve), and a shoulder appeared corresponding to
reduction of the 3,4-dibenzyl-2,5-dimethylthiophene-S -
oxide.
The next step was the application to the electrode of a
potential of /1.6 V for 120 s. The result of this was
followed first by scanning in the positive direction from
0 to /1.4 V (Fig. 10, Curve 1). This differential pulse
voltammogram at pH 7.4 shows clearly the appearance
of two peaks corresponding to the oxidation of the
DNA purine bases [11,14/17], guanine (G) at Ep/
/0.73 V and adenosine (A) Ep//1.23 V. The electro-
chemical oxidation at a bare GCE of guanine (G),
guanosine (Guo), adenine (A), and dsDNA involves two
electrons and two protons which means that the
oxidation potential values vary with the supporting
electrolyte pH in a pH dependent mechanism [11,14/
17]. The differential pulse scan in the negative direction
from 0 to /1.6 V showed an increase of the reduction
peak of 3,4-dibenzyl-2,5-dimethylthiophene-S -oxide
(Fig. 9, Curve 1).
Repetition of this procedure, i.e. application to the
electrode of a potential of /1.6 V for 120 s, and
following the result by scanning in the positive direction
from 0 to /1.4 V (Fig. 10, Curve 2) showed the
appearance of a new peak corresponding to 8-oxogua-
nine (8-oxoG) [16,27] at Ep//0.40 V, and the decrease
of the guanine and adenosine peaks, the latter becoming
a small shoulder. The scan in the negative direction
shows an increase in the reduction peak of 3,4-dibenzyl-
2,5-dimethylthiophene-S -oxide (Fig. 9, Curve 2).
Fig. 6. Successive cyclic voltammograms of a solid film of 3,4-dibenzyl-2,5-dimethylthiophene-S -oxide (2) on glassy carbon, for different pH
supporting electrolytes, N2 atmosphere, scan rate 100 mV s
1. (---) supporting electrolyte.
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The procedure was repeated again and the result of
scanning in the positive direction from 0 to/1.4 V (Fig.
10, Curve 3) showed the increase of the peak for
8-oxoguanine, and the complete disappearance of the
guanine and adenosine peaks. The scan in the negative
direction continues showing an increase in the reduction
peak of 3,4-dibenzyl-2,5-dimethylthiophene-S -oxide
(Fig. 9, Curve 3).
The complete experiment described was done five
times, each time with a newly prepared glassy carbon
modified electrode and the results obtained were always
the same.
The reduction of 3,4-dibenzyl-2,5-dimethylthiophene-
S -oxide at /1.6 V clearly conditions the interaction
with dsDNA. The possible in situ formation of reactive
radicals in the mixture on the electrode surface in close
contact with dsDNA is responsible for the damage to
dsDNA always detected after application of /1.6 V.
Since experiments were carried out in buffer, the peaks
recorded for reduction or oxidation can be attributed
only to the molecules in the thick layer on the surface of
the glassy carbon. The damage to dsDNA was detected
electrochemically in Curve 1 (Fig. 10) by the appearance
of the guanine and adenosine peaks after distortion of
the dsDNA and possible strand break. These peaks
Fig. 7. Differential pulse voltammograms of a solid film of 3,4-dibenzyl-2,5-dimethylthiophene-S -oxide (2) on glassy carbon, for different pH
supporting electrolytes, N2 atmosphere, scan rate 5 mV s
1. (---) supporting electrolyte.
Fig. 8. Plot of Ep vs. pH from differential pulse voltammograms of a
solid film of 3,4-dibenzyl-2,5-dimethylthiophene-S -oxide on glassy
carbon, for different pH supporting electrolytes, N2 atmosphere, scan
rate 5 mV s1.
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subsequently disappeared because both guanine and
adenosine reaching the electrode were oxidised, and the
peak for mutagenic 8-oxoguanine (Curve 2), a product
of the oxidation of guanine, started appearing and
increased (Curve 3). The mechanism of damage of
dsDNA by the thiophene-S -oxide could be explained
by intercalation or by electrostatic interaction.
The formation of an adduct between the dsDNA
and the 3,4-dibenzyl-2,5-dimethylthiophene-S -oxide is
responsible for the shift of /100 mV to more negative
potentials of the reduction peak of the thiophene-S -
oxide and the increase in current (Fig. 9), possibly
caused by reorganization of the compound in the
mixture, is electrochemical evidence of interaction with
dsDNA, which is also confirmed by the results in Fig. 10
that show electrochemical oxidation of the DNA bases.
4. Conclusions
The electrochemical study of 3,4-dibenzyl-2,5-thio-
phene-S -oxide was performed for different pH values, in
a mixed solvent and by solid state voltammetry. The in
situ electrochemical detection of dsDNA damage caused
by the reduced thiophene-S -oxide was possible using a
glassy carbon electrode modified with a thiophene-S -
oxide/dsDNA mixture. The results indicate that after
interaction with dsDNA the adduct compound formed
can still undergo reduction. The potential use of a
compound/dsDNA film-modified glassy carbon elec-
trode for understanding dsDNA interaction with mole-
cules insoluble in water, as in this case, should be noted.
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